We present a novel type of Suppressed-Order Diffraction Grating (SODG). An SODG is a diffraction grating whose diffraction orders have all been suppressed except one that is selected to provide electromagnetic deflection. The proposed SODG is a transmissive grating that exhibits high-efficiency refraction-like deflection for all angles, including large angles that are generally challenging to achieve, while featuring a deeply subwavelength thickness, as required in the microwave regime. We first present the design rationale and guidelines, and next demonstrate such a 10.5 GHz SODG that reaches an efficiency of 90% at 70 0 .
I. INTRODUCTION
Metasurfaces, which are 2D arrays of subwavelength resonating scattering particles, possess unprecedented capabilities in manipulating electromagnetic waves, and have already led to many applications that were not achievable using conventional technologies [1] . One of their most fundamental operations is generalized refraction [2] , where a phase gradient metasurface deflects the incident wave to a desired direction of space.
However, wave-deflecting metasurfaces may be challenging to realize. First, they require the design of several subwavelength scattering particles within the gradient supercell, which necessitates dense meshing and hence lengthy computation. Second, they may be difficult or impossible to fabricate depending on the resolution of the available process, due to the small features of the particles. Finally, they require more sophisticated designs than simple phase-gradient structures [2] to avoid supercell diffraction at large deflection angles; specifically, such metasurfaces must involve bianisotropy [3] .
These issues in achieving efficient refraction-like deflection are actually specific to metasurfaces. They did not exist in the 1960s volume diffraction gratings, consisting of oblique interference fringes produced by a holographic mechanism [4] , [5] . However, these structures are several wavevelength thick, which hinders their application in the microwave and part of far infra-red regimes. Recently, thinner refraction-like deflection gratings, based on resonant dielectric structures, were proposed and demonstrated in [6] , [7] , with the latter paper referring to these structures as "metagratings." At about the same time, gratings that were essentially similar, except for their reflective operation, were theoretically described in terms of surface polarizabilities in [8] , also under the name of "metagratings," and such reflective gratings were experimentally demonstrated in the microwave regime in [9] . The gratings reported in [8] and [9] have the merit of being subwavelengthly thin, and hence perfectly suited for microwave implementations. All the gratings described in this paragraph are diffraction gratings with mechanisms that suppress all the diffraction orders except the one that is desired. Therefore, we suggest here to call them "Suppressed-Order Diffraction Grating (SODG)" 1 .
All of the deeply-subwavelengthly-thin SODGs reported so far have been designed for reflection operation [8] , [9] . However, transmission SODGs, although harder to realize, are equally important, particularly for transmit-array applications. In this work, we propose and demonstrate a deeplysubwavelengthly-thin transmissive SODG, which fills up this gap. It should be noted that, during the course of our work, another transmissive SODG has been reported in [10] . However, the design of SODG in [10] is not practically realizable as the resonating elements are suspended in air. Furthermore, the thickness of the SODG in [10] is not deeply-subwavelength, but about half-wavelength. Figure 1 illustrates the transmissive SODG problem to solve. Figure 2(a) shows the structure we propose for that purpose, while Figs. 2(b)-(d) provides the corresponding design parameters for s-polarization deflection of θ out " 70 0 from the normal at 10.5 GHz. The structure is composed of three metallization layers to ensure the possibility of completely suppressing reflection, based on the Huygens (inplane perpendicular electric and magnetic source pair) source argument [11] .
II. SODG STRUCTURE AND DESIGN RATIONALE
Our design rationale for the transmissive SODG may be divided into three steps. First, we determine the required diffractive period (Λ) for a desired set of incident and diffracted angles. Assuming air on both sides of the structure, this period follows from the grating equation as
where k 0 is the free-space wavenumber, θ out corresponds to the (positive or negative) diffraction order m selected for deflection. In order to have the smallest possible number of diffraction orders to suppress, we choose to initially have exactly 3 diffraction orders at each side of the grating, select the m " 1 diffraction order for deflection, and identify θ m"`1 with θ out . This yields, from Eq. (1), Λ " 30.48 mm. Second, we introduce vertical asymmetry to suppress the reflective diffraction orders. Such asymmetry may be realized by using different scatterers in layers 1 and 3, in accordance with the metasurface Huygens-source principle, as shown in Fig. 2 .
Third, we introduce horizontal asymmetry to suppress the remaining (transmissive) diffractive orders (m " 0 and m "´1). We realize this by using a pair of rectangular patches of different sizes in each layer and, in addition, shifting the relative positions of the pairs in different layers. This provides additional design flexibility compared to the singlepatch design proposed in [10] .
Then, the structure is optimized by full-wave simulation to minimize the amount of energy going to the undesired diffraction orders, which leads to the parameters listed in Fig. 2 of our demonstration example. Figure 3 plots the full-wave simulated (FEM CST Microwave Studio) diffraction-order amplitudes versus frequency for the proposed SODG. This designs features a diffraction efficiency (η " P out {P in " |E T,`1 | 2 {|E inc | 2 ) of 90% for the design angle of 70 0 at the design frequency of 10.5 GHz. 
III. SIMULATION RESULTS

IV. CONCLUSION
We have presented an ultra-thin (" λ 0 {10) transmissive SODG, and demonstrated a specific design of it that exhibits an efficiency of 90% at a deflection angle of 70 0 . This device fills up an important gap in providing a high-efficiency largeangle SODG, which are particularly needed at microwave frequencies.
